Abstract The present study was performed in order to carefully investigate the interaction of Staphylococcus aureus with murine macrophages and the contribution of catalase and superoxide dismutase in intracellular persistence of Staphylococcus aureus within murine macrophages during in vitro infection. We have reported that Staphylococcus aureus internalized by murine macrophages did not appear to be rapidly killed. Data indicating the contribution of a single catalase and superoxide dismutase in intracellular survival of Staphylococcus aureus were provided using established biochemical assays. The results of the present experiment suggest that the survival of Staphylococcus aureus within phagocytic cells is facilitated by its ability to resist oxidative products. Organisms in the log phase of growth clearly demonstrate a resistance to oxidative products.
Introduction
Staphylococcus aureus (S. aureus) is an extracellular pathogen, which may occasionally survive and even multiply within phagocytes resulting in prolonged and recurrent infections [1] . The infections caused by S. aureus are often acute and pyogenic and if untreated, may spread to surrounding deeper tissues or to metastatic sites involving other organs, resulting in disseminated or deep seated infections which are life threatening [2] . However, S. aureus may occasionally become intracellular, at least within monocytes, macrophages and polymorphonuclear neutrophils (PMN) when host defense mechanisms are activated [3] . Once inside, S. aureus may be exposed to a variety of host killing mechanisms including various reactive oxygen species (ROS) generated by the respiratory burst response [4, 5] . Several mechanisms for resistance to intracellular killing have been proposed, including the scavenging of free radicals produced by macrophages. Catalase, a protein with known free radical scavenging activities, metabolizes hydrogen peroxide (H 2 O 2 ), a toxic oxygen metabolite. It has been postulated that bacterial factors that inactivate hydrogen peroxide, such as catalase, may interrupt the production of these toxic species and aid persistence and survival within host cells and tissues [6] . In S. aureus and many other organisms, the specific activity of catalase is low during the initial exponential phase of growth and increases steadily with cell growth to a maximal level at onset or during stationary phase [7] . It was also found that log phase S. aureus resisted the antibacterial activity of peritoneal macrophages [8] . Although S. aureus has not been shown to escape from the phagosome, neither the kinetics of escape nor the underlying mechanisms employed by S. aureus have yet been determined [9] [10] [11] . S. aureus can survive intracellularly after phagocytosis and this may result in recurrent infections and failure of antibiotic treatment if the drug has a poor penetration into phagocytes [12] . Involvement of superoxide dismutase (SOD) and myeloperoxidase (MPO) in oxygen dependent killing of S. aureus by neutrophils has been reported [13, 14] . The ability of S. aureus to exploit the inflammatory response of the host by surviving inside PMN is a virulence mechanism for this pathogen and the modulation of the inflammatory response is sufficient to significantly alter morbidity and mortality induced by S. aureus infection [15] . These observations suggest that the ability to inactivate H 2 O 2 contributes to the survival in the host [16] and led us to examine the role of staphylococcal catalase in H 2 O 2 resistance and intracellular survival. Additionally, an intracellular lifestyle is thought to shelter microorganism from immune surveillance; however, there is little evidence to support this idea regarding sepsis [17, 18] . This approach was undertaken in the belief that proteins expressed by the pathogen in vivo reflect its expression within the host cell environment, thereby allowing a better understanding of staphylococci-host cell relationship.
The present study was performed in order to carefully investigate the interaction of S. aureus with murine macrophages and the contribution of catalase in intracellular persistence of bacteria within murine macrophages during in vitro infection. In this report we demonstrate that catalase is required for S. aureus hydrogen peroxide resistance as well as persistence within macrophages. We have reported release of catalase and SOD in the exponential phase of growth. On the other hand cells internalized by murine macrophages did not appear to be rapidly killed. The results of the present experiment suggest that the survival of S. aureus within phagocytic cells is facilitated by its ability to resist oxidative products. Organisms in the log phase of growth clearly demonstrate a resistance to oxidative products.
Materials and Methods

Bacterial Strain
Staphylococcus aureus (S. aureus) are pathogenic strain and have hospital origin. CMC-524 was obtained from Calcutta Medical College and Hospital, Calcutta, ICH-629 was obtained from Institute of Child Health, Calcutta and ICH-757 was also obtained from Institute of Child Health, Calcutta. Among these three clinical isolates, CMC-524 and ICH-629 were catalase positive and coagulase positive. ICH-757 was catalase positive [19] and coagulase negative.
Collection of Bacteria During Stage Specific Growth
Cells were collected at each hour during their growth and centrifuged at 10,000 rpm at 4°C for 10 min. The cell pellet thus obtained was resuspended in sterile saline and cell number was adjusted on the basis of the relationship; A 620 0.2 = 5 9 10 7 cells per ml [20] . These bacterial cells collected during their growth period were now allowed to internalize by murine macrophages.
Isolation of Murine Splenic and Peritoneal Macrophages
Murine splenic macrophages are isolated according to the method of Meltzer [21] . Briefly, spleens excised from immediately sacrificed mice were macerated in Alsever's solution and the suspension was layered over 3 ml Histopaque-1077 and centrifuged for 30 min. A band with leukocyte enriched fraction at the interface was collected, suspended in RPMI-1640-foetal bovine serum (FBS)(5%) and are allowed to plastic adherence at 37°C for 1 h. Adherent cells were collected, centrifuged and suspended in RPMI-FBS (5%) which contains very high number of macrophages.
Murine peritoneal macrophages were isolated according to the method of Meltzer [21] as described elsewhere. Peritoneal fluids of the mice, previously injected with 3% starch in 0.9% NaCl intraperitoneally, three days prior to the sacrifice, are collected and centrifuged. The cell pellets are re-suspended in RPMI-FBS (5%) and were allowed for plastic adherence. Adherent cells were collected and finally suspended in RPMI-FBS (5%).
Internalization of S. aureus Inside Murine Macrophages Following Infections with Increased Inocula of Clinical Isolates
Internalization of stage specifically grown S. aureus by the murine macrophages was determined according to the method as described by Kahl et al. [22] . Briefly murine splenic or peritoneal macrophages were infected with bacteria collected during their growth in invasion medium (growth medium without antibiotics, antimycotics or fetal bovine serum) for 1 h at 37°C, 5% CO 2 incubator. After 1 h incubation, cell culture medium was replaced by RPMI-1640 containing 100 lg of gentamicin/ml to kill extracellular bacteria. Then, infected cells were washed thrice with PBS to remove gentamicin, treated with 200 ll of 0.25% Trypsin, 0.2% EDTA in Hank's balanced salt solution (HBSS) for 5 min and lysed with 800 ll of 0.025% Triton X100. Cell lysates were diluted, plated in triplicate on nutrient agar and incubated overnight at 37°C and the number of colony forming unit (CFU) per ml were determined.
Phagocytosis Assay
Murine macrophages (5 9 10 6 /ml) were mixed with S. aureus (5 9 10 6 /ml) in a 1:1 cell: bacterium ratio in RPMI-40% Serum and incubated at 37°C cell culture incubator for different times (up to 5 h). Phagocytosis was stopped by adding cold (4°C) RPMI-1640 and extracellular S. aureus were removed by washing the suspension four times in RPMI-1640 by centrifugation at 250g at 4°C for 5 min. Duplicate samples were removed at 1 h interval, centrifuged and the supernatants reserved, the pellets disrupted in sterile water containing 0.01% BSA by vigorously vortexing to release intracellular bacteria in the supernatant. 0.1 ml of the supernatant was serially diluted in sterile distilled water (pH 7.0) and spread on agar plates that were incubated overnight at 37°C for determination of viable S. aureus. The intracellular killing of S. aureus in macrophages was measured by determining the decrease in the number of intracellular viable bacteria [23] .
Culture of Intracellular Viable S. aureus and Preparation of Whole Cell Extract (Cell Lysate) for Demonstration of Enzyme Activity
The bacteria that were survived after time dependent phagocytosis as obtained from the plates of respective hours (Plates of intracellular viable S. aureus from the above experiment) were further cultured in nutrient broth.
Cells were washed twice in phosphate buffered saline (PBS), vortexed, passed through a 5 lm pore size filter, diluted to an optical density at 650 nm of 0.4 (10 6 CFU/ml) and resuspended in lysis buffer.
Bacterial suspensions (10 ml) were washed twice with 25 mM sodium phosphate buffer containing 1 mM disodium EDTA, pH 7.2, 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and finally resuspended in 2 ml buffer. Suspensions were sonicated on ice at 8 lm for 90 s (six 15 s bursts with 15 s cooling periods) and then centrifuged at 16 000 9g for 45 min at 4°C. Supernatants (lysates) were filtered and assayed for catalase and SOD activity [24] .
Preparation of Crude Extracts for Electrophoresis and In Situ Staining
Bacterial lysates were prepared as described above. Lysates were assayed for the presence of catalase and SOD on acrylamide gels. Protein content was determined by using the Bradford assay.
Electrophoresis and In Situ Staining
Electrophoresis was performed on non-denaturing acrylamide gels using the Bio-Rad Mini system with tris/glycine buffer. Samples were applied to 10% bisacrylamide gels prepared with 1.5 M Tris/HCl, pH 8. Electrophoresis was carried out at 200 V.
SOD activity was visualized on gels following the methodology as described earlier [25] . Briefly, gels were washed in distilled water, then soaked in a solution of 2.45 mM nitro blue tetrazolium for 20 min, followed by a 10 min incubation in a solution containing 28 mM tetramethylethylenediamine (TEMED), 0.028 mM riboflavin and 36 mM potassium phosphate buffer, pH 7.8. Gels were illuminated on a light box to obtain a dark background with achromatic bands corresponding to SOD activity.
Catalase activity was visualized on non-denaturing acrylamide gels following the methodology as described earlier [26] . After electrophoresis, gels were washed three times in distilled water for 20 min and soaked in a solution of 0.015% H 2 O 2 . Activity was then visualized by transferring the gels to a solution of 1% ferric chloride, 1% potassium ferricyanide. Regions corresponding to catalase activity were determined as yellow bands on a green background.
Assay of Superoxide Dismutase (SOD) Activity: 100 ll of the bacterial lysate was mixed with 1.5 ml of a Tris-EDTA-HCl buffer (pH 8.5), then 100 ll of 7.2 mM pyrogallol was added and the reaction mixture was incubated at 25°C for 10 min. The reaction was terminated by the addition of 50 ll of 1 mM HCl and measured at 420 nm. One unit was determined as the amount of enzyme that inhibited the oxidation of pyrogallol by 50% [27] .
The activity was expressed as U/mg protein.
Assay of Catalase Activity
Catalase activity in the cell free lysate was determined spectrophotometrically by measuring the decrease in H 2 O 2 concentration at 240 nm [27] . At time zero, 1.8 ml of each lysate (250 lg/ml) was mixed with 0.2 ml of a phosphate buffer containing 10 mM Hydrogen peroxide. One milliliter of the mixture was immediately added to a disposable cuvette and placed into a spectrophotometer. Measurement of absorbance was taken at 0, 1, 2, 3, 4, 5 min after addition of the lysate to hydrogen peroxide buffer. Units of catalase activity present in 1 ml of lysate were calculated. One unit (U) of catalase activity is defined as the amount of enzyme catalyzing 1 lmol of H 2 O 2 per min at 25°C.
Infection of Animals with S. aureus and Collection of Blood and Lymphoid Organs for Determination of Bacterial Density
Mice were injected intravenously via the tail vein with different clinical isolates of S. aureus (10 7 CFU/mouse) in 0.2 ml saline. At different time intervals after infection, blood was collected from the retro orbital plexus and the mice were sacrificed by cervical dislocation. The blood of each infected mice was plated on nutrient agar. Spleen and lymph nodes were excised, weighed, homogenized, diluted in saline and plated onto nutrient agar. Plates were maintained at 37°C for 48 h and bacterial colonies counted. Results were expressed as the number of CFU/ml of blood and CFU/mg of spleen or lymph node.
Serum TNF-a Assay by ELISA Blood was collected from the retro orbital plexus of both control and S. aureus infected mice at zero, 24, 48, 72 h post infection. Serum was prepared after clot retraction and kept at -80°C until further use. Serum TNFa level was directly measured by immuno-enzymatic assay method [28] using the TNFa assay kit according to the manufacturer's instruction.
Results
Internalization of Stage-specifically Grown S. aureus in Murine Macrophages
The internalization of different concentrations of S. aureus after 1 h infection to macrophages with different concentrations of S. aureus is shown in Fig. 1a and b . Figure 1a and b showed the number of internalized bacteria, collected up to 6 h of their growth inside macrophages changes significantly with the increase of their growth period.
From the CFU count of the intracellularly viable S. aureus within murine peritoneal and splenic macrophages, increased CFU was obtained with the increase of the bacterial growth period in all the clinical isolates of S. aureus.
Viability of S. aureus Recovered from Macrophage Lysate after 0-5 h In Vitro Infection
The intracellular survival of S. aureus was substantially higher after 2 h phagocytic time. (Fig. 2a and b) . After the 2 h infection period, the CFU of S. aureus from the lysate of murine macrophages was least. Conversely more CFU of S. aureus recovered was viable after 2 h infection period.
The mean CFU count of the intracellularly viable S. aureus (CMC-524) allowed for 2 h of phagocytic time was found to be lower than that allowed for 0, 1, 3, 4, and 5 h phagocytic time. Mean CFU count for 2 h phagocytic time (5640 ± 282.84) was found significantly lower than the mean CFU count for 1 h (6880 ± 226.27) (P \ 0.025), 4 h (6680 ± 56.57) (P \ 0.025) and 5 h (7980 ± 311.13) (P \ 0.01) phagocytic time, respectively.
The CFU count of the intracellularly viable S. aureus (ICH-757) allowed for 2 h of phagocytic time was found to be lower than that allowed for 0, 1, 3, 4, and 5 h phagocytic time. Mean CFU count for 2 h phagocytic time (1430 ± 14.14) was found significantly lower than the mean CFU count for 1 h (1550 ± 14.14) (P \ 0.01), 3 h (1600 ± 56.57) (P \ 0.05) phagocytic time, respectively. Similar pattern of results were also observed in case of splenic macrophages for all the strains.
Super Oxide Dismutase (SOD) Release from Intracellularly Viable S. aureus (CMC-524, ICH-629 and ICH-757) Lysate
The bacterial SOD released (in Unit/mg of bacterial protein) from those bacteria (CMC-524) originally allowed for 1 h (6.948 ± 0.561) (P \ 0.05), 2 h (7.863 ± 0.061) (P \ 0.01), 3 h (8.501 ± 0.221) (P \ 0.01), 4 h (10.898 ± 0.182) (P \ 0.005) and 5 h (11.563 ± 0.912) (P \ 0.01) phagocytic time were significantly higher than that released for 0 h (4.706 ± 0.512) phagocytic time. Identical release of SOD from the intracellularly viable S. aureus was also found in case of ICH-629 and ICH-757 (Fig 3) .
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Catalase Release from Intracellularly Viable S. aureus (CMC-524, ICH-629 and ICH-757) Lysate
In case of CMC-524, crude bacterial lysate, bacterial catalase content was found to be increased with the increase of phagocytic time. The bacterial catalase content (in m.mol/ min/mg of bacterial protein) from those bacteria originally allowed for 1 h (17.37 ± 0.212) (P \ 0.025), 2 h (17.69 ± 0.735) (P \ 0.05), 3 h (18.66 ± 0.559) (P \ 0.025), 4 h (22.44 ± 1.386) (P \ 0.025) and 5 h (25.68 ± 2.136) (P \ 0.025) phagocytic time were significantly higher than that released for 0 h (14.88 ± 0.785) phagocytic time. Identical release of catalase from the intracellularly viable S. aureus was also found in case of ICH-629 and ICH-757 (Fig 4) . 
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All strains in this study showed a similar clear band of SOD activity on the gels (Fig. 5a ). All bands migrated to the same point in acrylamide gels, suggesting a similar enzyme was expressed by all strains. Identical protein concentrations were loaded for all the strains, thus the similar intensity of the SOD bands indicates that the S. aureus strains assayed contained similar levels of SOD activity.
The mobility of the bands of catalase activity in native gels was similar for all of the strains examined. Although this technique is not accurately quantitative, the difference in intensity of the bands suggests different levels of activity in the extracts of different strains (Fig. 5b) . In case of CMC-524, the CFU count of the viable bacteria present within the spleen and lymph node after 0, 24, 48 and 72 h of infection were found to have increased with the increase of in vivo bacterial incubation period (Fig 6) . The mean CFU counts of the viable bacteria per ml of blood were found to be maximum at 24 h. post-infection and then decreased gradually.
In CMC-524, infected group, the mean CFU count of the bacteria/ml blood for 24 h post infection (12100 ± 2778.49) was significantly higher than the mean CFU count of bacteria/ml of blood for 0 h (2350 ± 619.14) (P \ 0.0005), 48 h (7800 ± 848.53) (P \ 0.025) and 72 h (1350 ± 700.00) (P \ 0.005) post infection, respectively.
Bacterial burden for ICH-629 and ICH-757 were found similar as before.
TNF-a Content in Serum of Mice Infected with S. aureus (CMC-524, ICH-629 and ICH-757) Intravenously for a Varying Period of Time
In case of CMC-524 infected mice, the mean pg TNF-a/ml of serum after 0, 24, 48 and 72 h post infection was found higher than that of the respective control serum. The mean TNF-content (pg/ml) in 0 h serum (1237.5 ± 62.915), 24 h (1343.75 ± 37.5), 48 h (1243.75 ± 42.696) and 72 h (1243.75 ± 42.696) were significantly higher than the control 0 h (442.5 ± 5.0) (P \ 0.0005), 24 h (437.5 ± 5.0) (P \ 0.0005), 48 h (437.5 ± 5.0) (P \ 0.0005) and 72 h (440 ± 8.165) (P \ 0.0005), respectively. Among the CMC-524 infected serum TNF-a content of 24 h (1343.75 ± 37.5) serum were significantly higher than the 0 h (1237.5 ± 62.915) (P \ 0.025), 48 h (1243.75 ± 42.696) (P \ 0.01) and 72 h (1243.75 ± 42.696) (P \ 0.01) infected serum, respectively. Similar result on the serum TNF-alpha level in mice after infection with ICH-629 and ICH-757 was observed (Fig 7) .
Discussion
This paper describes the survival of three clinical isolates of S. aureus inside murine macrophages in vitro and we have discussed the observation in relation to the activity of S. aureus to produce catalase and SOD. In our study, we provide evidence that S. aureus after internalization can survive inside the macrophages, which is dependent on the size of the inocula. Pharmacodynamic evaluation of the intracellular activities of antibiotics against Staphylococcus aureus in a model of THP-1 macrophages has been recently reported [29] . However, we did not use electron microscopy in detecting the intracellular bacteria or elimination of cell surface bacteria by lysostaphin or so on. Also, because of technical limitations in visualizing live intracellular bacteria, it was not possible to determine in these antecedent studies whether the bacteria are actively replicating or are merely by-standers. From the bacteria's perspectives, there are obvious advantages in maintaining an intracellular location, since the microorganism will be able to avoid many host defense mechanisms as well as to shield themselves from extracellular antibiotics.
This study also demonstrates that following infection, bacteria are not rapidly killed by the phagocytic activity of murine macrophages; they rather survive within macrophages during prolonged infection due to secretion of catalase, which by degrading H 2 O 2 inhibit ROS mediated killing mechanism of the host. Based on the result of in vitro CFU assay within 2 h after infection, we stated that S. aureus survived intracellularly. However, we are not sure whether the bacteria survive or not intracellularly based on further longer period (up to 5 h) of assay. Since these three clinical isolates possess catalase-producing activities, therefore, involvement of catalase can be suggested for contributing intracellular survival. Since all the standard strains of S. aureus produce catalase there is no particular significance to look at the catalase activity in bacterial culture. Oxidative products were clearly implicated as the antibacterial agents for this system, since antibacterial activity was inhibited with catalase (H 2 O 2 inhibition). Survival studies with these three catalase positive S. aureus clearly indicates that the bacterial catalase protects against host H 2 O 2 .
In the context of superoxide having a direct role in killing results with S. aureus suggest that bacteria with SOD production would be more resistant to oxidative killing by macrophages. It has been reported that killing of S. aureus was impeded when SOD-coated latex beads were co-ingested with the bacteria [30] . It is possible that this bacterial associated SOD could slow down intra-phagosomal killing and be a factor in their pathogenecity. Regulation of this enzyme is presumably one aspect of the adaptation process that allows the bacteria to survive under hostile condition.
The relevance of these observations to S. aureus infection in vivo is unknown. We speculate that natural infection involves organisms in both exponential and stationary phases of growth. Such organisms are readily phagocytosed by PMN, monocytes and macrophages resident in the liver and spleen. These organisms in the stationary phase of growth may be quickly killed by murine macrophages since they are susceptible to concentrations of OH -and OCl -, which can be easily achieved. Organisms in the exponential phase of growth are also taken up by macrophages but are more likely to resist intracellular killing. Since the ability of macrophages to produce OCl -and OH -is limited, the organism may thus survive and replicate in these cells.
As early factors in inflammation and immunity, TNF-a and IL-1b modulate host reactions to foreign antigens. Probably in relation to this modulation of phagocytic function, these cytokines have been implicated in increased nonspecific resistance to infection [31] . TNF-a was found in the lungs of mice experimentally infected with Chlamydia trachomatis and showed that exogenous TNF-a, induced by lipopolysaccharide provided protection from death caused by the pathogen. The presence of TNF-a whether of host or pathogen origin was required [32] . 
